Abstract-This paper presents an anti-islanding protection scheme for a grid tied inverter. In this scheme, the oscillation variation in frequency is estimated by Estimation of Signal Parameters via Rotational Invariant Technique (ESPRIT). The proposed system is implemented in MATLAB and real time in OPAL-RT. Series of simulation results demonstrate that nondetection zone of proposed algorithm is negligible, and the scheme is also free from nuisance tripping to other transient events.
INTRODUCTION
Penetration of renewable energy/distributed generation (DG) power resources such as the wind, solar photovoltaic (PV), solar thermal, wave energy into the conventional utility makes the operation, security, reliability, quality, and control problem profoundly challenging to power engineers and researchers [1] . Islanding is one of the significant protection issues, which still remains as a challenge. Islanding event occurs, when distributed energy source is disconnected from the utility grid and continues to energize the local load. This phenomenon can result in some potential hazards. Therefore, it is essential to detect islanding as soon as possible. According to IEEE 1547 [2] , islanding must be detected within 2 seconds.
Basic passive islanding protection schemes are over/undervoltage protection (OVP/UVP) and over/under frequency protection (OFP/UFP). These techniques are not able to detect islanding when power mismatch is small and also suffers from nuisance tripping to other transients [3] .
Detailed literature survey of islanding detection techniques have been presented by Velasco et.al [3] . Islanding detection scheme can be classified into remote and local methods. Local methods are further classified mainly passive and active islanding detection scheme.
Active islanding scheme [4] [5] [6] usually injects perturbation signal into the system. It has no significant effect during parallel operation, but in the case of islanding event, these perturbation signal parameters become significant which makes active islanding detection more robust. Active islanding detection scheme have a small non-detection zone, but it deteriorates the power quality of power system during normal operating condition, and sometime maloperates due to the cancellation of the injected disturbance signal.
Passive islanding detection is based on the measurement of local parameters. A threshold value is set up for these parameters to discriminate islanding and non-islanding events. Passive islanding detection schemes have large non-detection zone (NDZ) [7] [8] [9] . Selection of most significant parameter and threshold value is a challenging task for developing passive islanding scheme. To decrease the NDZ of passive methods advanced signal processing methods are devised by the researchers [10] . In the present paper passive islanding detection approach is presented in which oscillation of frequency at the point of common coupling (PCC) is estimated. There are some signal processing tools to estimate oscillation frequency such as fast fourier transform (FFT), prony, and Estimation of Signal Parameters via Rotational Invariant Technique (ESPRIT) etc. Prony performance highly depends on the noise content of the signal which may lead to incorrect estimation [11] . FFT needs a large number of data points and also suffers from picket-fence leakage effect [12] . Thus, these techniques are not suitable for oscillation frequency estimation. In the proposed method, ESPRIT is used to estimate oscillation of frequency because its estimation accuracy is high and performance does not depend on noise content in the signal. It requires fewer data samples for estimation which makes implementation of the proposed scheme fast.This method will help to reduce the NDZ without any perturbation and does not affect output power quality.
II. PROPOSED ISLANDING DETECTION SCHEME In this section, proposed anti-islanding protection scheme is described. Behaviour of frequency pattern of voltage signal measured at PCC is different for islanding and non-islanding events. Frequency waveform of PCC voltage signal is shown in Fig. 1 . Frequency profile of non-islanding events is oscillating in nature whereas islanding event frequency profile is monotonically increasing or decreasing. It means oscillation of frequency for islanding events is small as compared to the nonislanding event. In this paper, this particular property is used to develop anti-islanding protection scheme. A flow chart of the proposed algorithm is shown in Fig. 2 . In this, the frequency of PCC signal is measured using phase locked loop (PLL) and sampled with sampling rate of 10 kHz. The difference between measured and nominal frequency (50 Hz) is compared with a threshold (0.012 Hz) to determine whether the system is in normal operating condition or encountered any disturbance. If the difference between measured and nominal frequency crosses the threshold, it means the system is encountered by any disturbance, and it initiates data buffering. When buffered data samples are equal to 1000 samples, it goes to the oscillation frequency estimation block. ESPRIT function is embedded into MATLAB Simulink to estimate the oscillation frequency. Estimated oscillation frequency is compared with thresholds to discriminate the islanding and non-islanding events. These thresholds are determined by performing a number of simulations. Frequency oscillation for non-islanding disturbances (Load Switching, capacitor bank switching, distribution line faults, etc.) is high as compared to islanding events. Oscillation frequency for islanding event increases as power mismatch decreases and its maximum value (5 Hz) occurs when power mismatch is zero. Thus, islanding event occurs, when oscillation frequency is greater than zero and less than or equal to 5Hz. When estimated oscillation frequency satisfies this condition, islanding detection block disables the PWM signal, thus halting the inverter operation otherwise inverter is continued in operation and frequency difference is rechecked. ESPRIT is a parametric estimation technique that utilizes unique qualities of the autocorrelation matrix of a signal to estimate certain parameters of a signal that are possibly hidden in the noisy waveform. The implementation of the algorithm in power systems was proposed in [13] , for estimation of harmonics. In power systems, the most common type of waveform encountered is one where a disturbance causes an oscillating transient that dies away with time. This can be modelled as a superposition of damped sinusoids in white noise as follows:
A is the initial amplitude, i σ is the damping factor, i ω is the frequency, i φ is the initial phase, and ( ) z n is the noise component in the signal, reasonably modelled as white noise. These four quantities together define a damped sinusoidal mode. M is the number of these modes in the signal. In other words, each estimated mode will be composed of a collection of these four quantities together. In the present method, it is used to estimate oscillation frequency.
IV. SYSTEM CONFIGURATION
A grid-connected PV inverter system is considered to prove the efficacy of the proposed signal processing techniques. The system configuration as shown in fig. 3 has been simulated on Matlab/Simulink platform. Further, the real time version is developed in OPAL-RT.
The inverter is connected to the low-voltage side, which presents a grid of 75 V rms. Circuit breaker, SW1 is closed to connect the synchronised PV inverter to the grid, while circuit breaker is opened to experience a grid failure (islanding). The RMS of the three grid voltages, along with the PV inverter ac current reference (Iref), dc link voltage (Vdc), modulation index and value of coupling impedance of the inductor-capacitorinductor (LCL) filter are used to calculate the required inverter peak voltage and lead angle. V dc is sensed simultaneously. The positive sequence component is derived from a phase lock loop (PLL). The three-phase discrete PLL is then used to retrieve the frequency and phase information (ωt) of these normalised grid voltage signals. These information are used to generate the 3-φ reference signal for 20 kHz PWM pulses. A 1.4 kW load is also connected through another circuit breaker (sw2) and it is opened to experience the non-islanding event like load switching.
After creating the islanding situation and to resolve the problem of NDZ for the passive islanding detection methods, ESPRIT techniques has been adopted. The frequency of the system has been retired from the PLL block and used to determine the islanding situation.
V. RESULT AND DISCUSSION
To show the efficacy of proposed algorithm, three case studies are presented in this paper. 
A. Over Frequency and Under Frequency Protection (OFP/UFP)
First, the performance of conventional OFP/UFP is determined for case 1 and case 2. OFP and UFP relay operating point is defined as 50.2 and 49.8 respectively and it is shown by dotted lines in Fig. 4 and Fig.5 . When PCC frequency crosses beyond these boundary values, relay will operate. In the case of large power mismatch, Frequency deviation is large and it crosses the operating point and detects islanding event within two cycles as shown in Fig. 4 . When power mismatch is small, frequency deviation is very small and it lies within the boundary values as shown in Fig.5 and the relay fails to detect islanding event. OFP/UFP suffers from large NDZ and also can cause maloperation to disturbance other than non-islanding event. 
1) Simulation Results:
Simulation results for case1, case2 and case3 are shown in Fig. 6, 7 , and 8 respectively. In Case1 of large power mismatch islanding event, estimated oscillation frequency is 4 Hz and islanding event is detected at 0.6 second. Proposed islanding protection method takes 0.2 seconds time to disable the PWM signal. It takes 0.1 second for data buffering and 0.1 second for computation. Total protection time of the proposed method is much less than the IEEE1547 specified time limit of 2 seconds.
In case 2 of small power mismatch islanding event, estimated oscillation frequency is close to 5Hz and it detects islanding event at 0.6 second. It ensures that proposed method detection time is independent of power mismatch and it detects islanding event even when the power mismatch is negligible.
Load of 1.4 kW is opened in Case 3, which means, it is a non-islanding event. Estimated oscillation frequency is greater than the 5Hz and it does not disable the PWM signal. It signifies that proposed algorithm is free from mal-operation. 
2) Real-time software-in-the-loop(SIL) results:
The proposed anti-islanding protection method along with the connected grid-tied inverter system have been modelled in Simulink by using the RT-LAB real-time platform and the associated tools. It provides platform to check the performance of proposed method in a real-time environment. The system is then tested in the software-in-the-loop (SIL) in the hardware synchronization mode, which is similar to the hardware-in-theloop (HIL) test giving due consideration to the delay in the realtime measurement of the actual signals. All the real time results are obtained from the OP5600 OPAL-RT and the amplitude of all the signals are scaled down by 10 times.
All three cases are verified in real-time. Fig. 9 and 10 shows the real-time result of the proposed scheme for case1 & 2 respectively. It is observed that proposed anti-islanding protection scheme works satisfactorily and detection time in real-time is 0.1, which is half of the time taken in simulation. Its computation time in real-time is negligible which makes the proposed scheme more effective. Fig. 11 shows the real time result of the case 3 where load switching occurs. As it is not an islanding event so the enable signal remains constant. And the inverter current is equal to grid current after disconnecting the load.
From the Fig. 9, 10 and 11 , it is clearly observed that proposed anti-islanding scheme detects islanding event efficiently even for negligible power mismatch and does not operate at non-islanding disturbance events. 
VI. CONCLUSION
Proposed ESPRIT based anti-islanding scheme is found to be very effective in discriminating between islanding detection and other disturbances. NDZ is very small in the proposed scheme and it avoids nuisance tripping because of other transients. Detection time of proposed detection method is also small. Islanding detection performance is measured in terms of detection time and non-detection zone. Series of simulation and real-time results prove its effectiveness in both the measures.
